Resistance to chemotherapy leading to poor outcome and survival remains a challenge for developing strategies for therapeutic interventions in all types of cancer, including head and neck cancer. In vitro chemoresistant cell line models are an indispensable resource towards delineating the mechanisms involved in drug resistance/response and for the development of novel drugs. Current treatment for head and neck cancer includes chemotherapy with cisplatin, docetaxel and 5-fluorouracil (5-FU) and the response rates to these drugs in patients is 60-80%. The present study aimed to generate head and neck cancer triple drug-resistant cell lines in an effort towards elucidating the mechanisms underlying chemoresistance and providing a resourceful tool for drug design. Using two head and neck squamous cell carcinoma cell lines, Hep-2 (larynx) and CAL-27 (oral cavity), the present study sequentially exposed these cells to increasing concentrations of the combination of docetaxel, cisplatin and 5-FU (TPF) to generate triple drug-resistant cells, termed Hep-2 TPF resistant (TPFR) and CAL-27 TPFR. The effect of the drug treatments on the cell viability, apoptosis, cell cycle and the expression of genes associated with multidrug resistance were analyzed in the parental cells and drug-resistant counterparts.
Introduction
Head and neck squamous cell carcinomas (HNSCC) are loco-regionally aggressive tumors, which result in debilitating functional and aesthetic sequelae in patients. Chemotherapeutic management of patients with HNSCC typically involves treatment with taxol (docetaxel), platinum compounds (e.g. cisplatin or carboplatin) and the anti-metabolite 5-fluorouracil (5-FU), either as single agents or in combination. Preclinical and clinical studies indicate a potential synergy between the three drugs (1,2); however, drug resistance accounts for high rates of loco-regional recurrence (3) . The process of drug resistance is mediated by modulations in multiple molecular pathways, including drug efflux/metabolism, DNA repair, apoptosis and cell cycle control (4) (5) (6) . An improved understanding of the cellular and molecular mediators of drug resistance may potentially lead to the identification of candidate genes and pathways, which can be targeted to improve therapeutic efficacy.
In vitro model systems have been ideal for delineating the mechanisms contributing towards the phenomenon of drug resistance and also for identifying novel druggable , MUKUND SESHADRI [5] [6] [7] , WESLEY HICKS JR 6, 7 , MONI ABRAHAM KURIAKOSE 1,2,7 and AMRITHA SURESH targets. Resistant cell lines developed from ovarian and breast cancer cells have been instrumental in understanding its molecular basis. Copper transporter genes and P-glycoprotein have been implicated to impart resistance to cisplatin and cross-resistance to paclitaxel, respectively (7) . The role of melanoma antigen, G antigen family of genes and ATP-binding cassette (ABC) transporters were identified using resistant cell lines (8) (9) (10) (11) (12) (13) . High-throughput studies comparing the cisplatin-sensitive/resistant HNSCC cells have indicated the involvement of multiple pathways (14) . Activation of survival signaling and apoptotic pathways have been demonstrated to result in the overexpression of rat sarcoma/rapidly accelerated fibrosarcoma/mitogen-activated protein kinase kinase (15) and other genes, including Dickkopf-related protein 1, signal transducer and activator of transcription 3 and Notch 1 (16, 17) . Docetaxel resistance in in vitro models has also been correlated with increased expression levels of multidrug resistance (MDR)1/multidrug resistance-associated protein 1 (MRP) and an increase in mitochondrial DNA and reactive oxygen species (18, 19) . Di-hydropyrimidine (DPD) and thymidylate synthase (TS), which are involved in 5-FU metabolism, have been reported to be important in determining the sensitivity of the head and neck cancer cells to the drug (20, 21) . Treatment with a combination of drugs has been reported to demonstrate a synergistic effect on the modulation of the cell cycle, angiogenesis and signal transduction, as observed in cells treated with cisplatin and docetaxel (22) . Although multiple pathways have been implicated in the process of drug resistance, the underlying mechanisms remain to be elucidated, particularly in the case of resistance to combinatorial therapy. The present study aimed to facilitate an understanding of resistance to the TPF regimen of drugs. Towards this effort, cell lines resistant to this combination of drugs were established and their resistance index was determined. The resistant cell lines were evaluated for the changes in cell cycle distribution and apoptotic patterns. In addition, the expression profile of the molecular markers involved in resistance to TPF-based drug action was compared between the parental and resistant cells. These markers included drug transporters, such as MDR1, MRP2 and copper transporter (CTR1), as well as survivin, which is involved in cell survival, excision repair cross-complementing rodent repair deficiency, complementation (ERCC1), which is involved in DNA repair, and TS, which is involved in nucleotide synthesis/metabolism.
Materials and methods
Reagents, cell lines and culture. The chemotherapeutic drugs cisplatin [cis-diammineplatinum (II) dichloride], docetaxel, 5-FU and other reagents, including MTT, propidium iodide (PI) and RNase A, were purchased from Sigma-Aldrich (St. Louis, MO, USA). The reconstitution of the drugs was according to the manufacturer's instructions. Briefly, cisplatin was dissolved in 0.9% sodium chloride solution, while docetaxel and 5-FU were reconstituted in dimethyl sulfoxide (DMSO; HiMedia India Pvt., Ltd., Mumbai, India). The stock solutions of the drugs were stored in aliquots at -80˚C. The HNSCC cell lines CAL-27, kindly gifted by Dr Aditi Chatterjee (Institute of Bioinformatics, Bangalore) and Hep-2 (National Centre for Cell Science, Maharashtra, India) (passage number [28] [29] [30] , were used in the present study. The cell lines were cultured in Dulbecco's modified Eagle's medium (Gibco-BRL, Invitrogen Life Technologies, Carlsbad, CA, USA), supplemented with 10% heat-inactivated fetal bovine serum and 1X penicillin (100 U/ml)/streptomycin (100 mg/ml) (HiMedia India Pvt., Ltd.). The cells were grown as monolayer cultures and maintained in a humidified atmosphere of 5% CO 2 at 37˚C.
Development of drug-resistant cell lines. The methodology for developing the resistant cell lines were based on the methods described previously (23) . Briefly, the Hep-2 and CAL-27-resistant sublines were selected based on constant exposure of the parental cells to the combination of docetaxel, cisplatin and 5-FU (TPF) in a stepwise dose incremental strategy. For each cell line, the half maximal inhibitory concentration (IC 50 Table I . Cells were incubated for 24 h with each concentration of the drug. Following each drug treatment, the surviving cells were cultured in drug-free medium for a period of 3-5 days and following the third cycle of drug treatment, the resistant cells were cultured in the presence of drug-containing medium. These cells were used for cytotoxicity assays to assess the IC 50 -value post-exposure.
Drug sensitivity assay. Briefly, the parental and resistant cells were plated at a concentration of 1x10 4 cells/well in 96-well plates. The cells were incubated overnight in humidified air with 5% CO 2 at 37˚C. The cells were subsequently treated with serial dilutions of drugs or vehicle control for 24 h, followed by further culture in drug-free medium for two days. An MTT assay was performed, according to the manufacturer's instructions. Briefly, 20 µl MTT (5 mg/ml; Sigma-Aldrich) was added following the removal of the culture medium and the cells incubated for 4 h at 37˚C. The formazan crystals were dissolved by adding 100 µl DMSO per well and the plate was read at 570 nm against 690 nm, as the reference wavelength, using a microplate reader (Model 680; Bio-Rad Laboratories, Inc., Hercules, CA, USA). Cells without drug were used as the control. The percentage of viable cells was calculated using the formula: Mean optical density (OD) of the experiment / mean OD of the control x100. All assays were performed in triplicate. For the cell viability staining assays, the cells were plated and treated with the different concentrations of the drug in triplicate and the percentage of viable cells was counted following staining with trypan blue (Sigma-Aldrich). The IC 50 -values in each case were calculated using regression analysis (Microsoft Excel 7; Microsoft Corporation, Redmond, WA, USA) and are expressed as an average of triplicate experiments. The resistance index (RI) was calculated by the ratio of the IC 50 of resistant cell lines over the parental cell lines. Chemoresistance was defined as an RI of ≥2. 5 ) were resuspended in 0.3 ml phosphate-buffered saline (PBS; HiMedia India Pvt., Ltd.) and fixed in 0.7 ml cold ethanol (70%; Merck Millipore, Darmstadt, Germany). The cells were incubated on ice for 1 h, followed by a single wash with ice-cold PBS. The resuspended cell pellet was incubated at 37˚C for 40 min in the presence of 5 µl 10 mg/ml RNase A (Sigma-Aldrich), 5 µl 10 mg/ml PI (Sigma-Aldrich) and 0.05% Triton X-100 (Sigma-Aldrich). The cells were stored in the dark at 40˚C until analyzed on a FACSCalibur (BD Biosciences, Franklin Lakes, NJ, USA). The percentage of cells in each cycle was calculated using Cell Quest Pro version 6 (BD Biosciences) software. The experiments on each cell line were performed in triplicate.
Cell cycle assay. Resistant and parental cells (1x10
Apoptosis assay. An apoptosis assay was performed using annexin V-fluorescein isothiocyanate (FITC; BD Biosciences) and PI (Sigma-Aldrich) staining. The parental and resistant cells from each cell line were treated for 48 h with the IC 25 for all three drug treatments. Following trypsinization, ~1x10 5 cells were resuspended in 100 µl binding buffer containing annexin V-FITC (5 µl; 20 µg/ml) and PI (10 µl; 20 µg/ml) for 15 min at room temperature in the dark. Following incubation, 400 µl annexin binding buffer was added and the percentage of apoptotic cells (cells which were annexin-positive and/or PI-positive) was calculated using a FACSCalibur (BD Biosciences). Untreated cells and cells incubated with PI or annexin V alone were used as controls.
Expression profiling. The mRNA expression levels of the multidrug resistance-associated genes MDR1, MRP2, ERCC1, CTR1, survivin and TS were determined using a Step One polymerase chain reaction machine (Applied Biosystems, Foster City, CA, USA). The total RNA was extracted from 1x10 6 cells using TRIzol reagent (Sigma-Aldrich), according to the manufacturer's instructions. The RNA was treated with DNase (Thermo Fisher Scientific, Waltham, MA, USA) and ~1 µg RNA was converted into cDNA using a High Capacity cDNA conversion kit (Applied Biosystems) according to the manufacturer's instructions. The expression of the MDR genes was calculated using specific primer sets (Amnion Biosciences Pvt. Ltd., Bengaluru, India; Table II) . PCR conditions were set as follows: Initial denaturation at 95˚C for 10 min and 95˚C for 15 sec, followed by 40 cycles at 95˚C for 15 sec and 60˚C for 1 min. Melting curve conditions were as follows: 95˚C for 15 sec, 60˚C for 1 min and 95˚C for 15 sec. Relative quantification was performed using GAPDH as the endogenous control and the parental cells as the calibrator. The relative comparison method (ΔΔCt) was used for the quantification of mRNA expression for all target genes with untreated parental cells as the calibrator Statistical analysis. Data are expressed as the mean ± standard error of the mean. Differences between the parental and resistant cell lines were analyzed for statistical significance using Student's t-test. * P<0.05 was considered to indicate a statistically significant difference between values. Statistical analysis and graphical illustration of datasets was performed using the GraphPad Prism 6.00 statistical software (GraphPad Software, La Jolla, CA).
Results
Resistance characteristics of the cell lines. The IC 50 concentration of each drug for the two cell lines was assessed by exposing them to increasing concentrations of the drug and then evaluating the cell viability. The IC 50 values of the parental cells are presented in Table I . The cell lines were subsequently exposed to increasing concentrations (IC 6.25 , IC 12.5 , IC 25 and IC 50 ) of each drug in combination for developing resistance ( Fig. 1A-F) . The drug-free period between each concentration was decided based on the recovery period required for each cell line-drug combination. The cells were continuously maintained in drug-containing medium prior to performing the assays. The resistant cell lines Hep-2 TPF resistant (TPFR) and CAL-27 TPFR were initially assessed for their resistance characteristics by cell viability assays. The Hep-2 TPFR cells demonstrated an increase in the IC 50 compared with that of the parental cell line (RI=2-9), with the exception of the resistance to cisplatin in CAL-27 TPFR cells (RI=1.97; Fig. 1A-F ; Table I ). These results indicated the development of a drug-resistant phenotype in these cell lines.
Cell cycle and apoptosis analysis. Analysis of the cell cycle pattern using PI staining demonstrated a decreased accumulation of cells in G0/G1 phase in the resistant cell lines (Hep-2 TPFR, 74 vs 66%, P=0.017; CAL-27 TPFR, 64 vs 53%, P=0.002; Fig. 2A-C) . At basal levels, this decrease in the G0/G1 phase population was accompanied by a corresponding increase in the accumulation of cells in G2/M phase (Hep-2 TPFR, 12 vs 20%, P=0.001; CAL-27 TPFR, 18 vs 28%; P=0.02).
Annexin V assays using the resistant sublines revealed a decreased apoptotic rate of the TPFR cell lines following incubation with the drugs. Hep-2 TPFR cells demonstrated a significant reduction in the percentage of apoptotic cells (TPFR, 20%; parental, 33%; P= 0.003). The apoptotic rate of CAL-27 TPFR cells was also decreased; however, differences were not significant (TPFR, 9.7%; parental, 18%; P=0.2; Fig. 3A and B) .
Expression of MDR genes. The cell lines were profiled for the expression levels of the MDR genes, including MDR1, MRP2 (ABCC2), survivin, ERCC1, CTR1 and TS, in order to determine whether they were involved in the resistance of the three drugs under investigation. Quantitative profiling of the transcript levels indicated a concomitant increase in the expression levels of all these markers in the TPF-treated cell lines (Hep-2 TPFR: Median increase, 3.6-fold and range, 2-5.8; CAL-27 TPFR: Median increase, 3-fold and range, 1.7-8.2; P<0.05; Fig. 3C ). The upregulation of survivin, CTR1, TS and ERCC1 was significant in the Hep-2 TPFR cells as compared with levels in the parental cells (P<0.005), with survivin and CTR1 demonstrating a highly significant upregulation (P<0.0005). The CAL-27 TPFR cell line demonstrated a significant upregulation of CTR1, ERCC1 and TS (P≤0.005).
Discussion
Drug-resistant cell lines are essential in-vitro model systems, as they can facilitate an understanding of the underlying mechanisms of clinical anti-cancer drug resistance. Cell line models with acquired resistance to a broad range of anti-cancer drugs have been generated and investigated in various types of cancer, including HNSCC (14, 22, (24) (25) (26) (27) (28) (29) (30) . The present study generated two HNSCC cell lines resistant to a combination of three drugs, docetaxel, cisplatin and 5-FU, routinely utilized in the clinical treatment of patients with HNSCC. Sequential treatment of the two cell lines (Hep-2 and CAL-27) with an intermittent drug-free period led to the successful development of the drug-resistant phenotype characterized by RI≥2.
The three chemotherapeutic agents used in the present study vary in their mechanism of action. Cisplatin is an alkylating agent, which binds to DNA and forms intrastrand crosslinks and DNA adducts, which ultimately lead to apoptosis (31) . Docetaxel is a semisynthetic taxane, which inhibits microtubule depolymerization leading to mitotic catastrophe and cell death (32). 5-FU is an anti-metabolite, which exerts its anti-neoplastic activity by inhibiting thymidylate synthase and mis-incorporation of fluoronucleotides into RNA and DNA (33) . Preclinical and clinical studies have previously demonstrated that the combination of these drugs results in a synergistic increase in anti-tumor activity. The combination of TPF has been demonstrated to increase the survival rate in patients with locally advanced HNSCC (34). However, 30-40% of the patients treated with the TPF regimen do not respond to these therapies (35) (36) (37) . In HNSCC, cisplatin in combination with docetaxel demonstrated a response rate of ~88% (38) , whereas in combination with paclitaxel it demonstrated a response rate of 40% in recurrent cancer (39) . This property of multi-drug resistance is primarily responsible for the low response rates in this subset of patients. Cell lines resistant to all three drugs may serve as an important model to assess the underlying mechanisms.
The concept underlying combination therapy is the synergistic benefit due to multiple drug action. However, the different mechanisms involved may also be responsible for inducing drug resistance. Cell cycle-mediated drug resistance to combination chemotherapy is currently being investigated. One of the primary effects of cytotoxic drug action is a reduction in the G0/G1 phase population and an arrest in G2/M phase of the cell cycle, of which the latter is known to guide the damaged cells to the apoptotic pathway. Previous studies have demonstrated that G2/M phase arrest increases the cytotoxicity of agents in gastric cancer, prostate tumor and neuronal cells in vitro (40) (41) (42) . In contrast, a prolonged arrest in this phase of the cell cycle is also known to be one of the mechanisms used to escape apoptosis by enabling repair of the damaged DNA and thereby rendering themselves resistant to the drugs. Abrogation of this G2/M checkpoint is known to render cells sensitive to apoptosis (43) , to agents, including mitomycin C, in human colon carcinoma cells (44) and to radiation in breast cancer cells (45) . The present study indicated a significant G2/M phase arrest in each of the resistant cell lines. This arrest may be due to the combined effect of cisplatin, which induces arrest in the early G2/M phase, and docetaxel, which induces mitotic arrest, with this fraction of cells contributing to the resistance phenotype. An arrest in G2 phase by activation of cell cycle checkpoints was also reported to be the mechanism adopted by cancer stem-like cells to evade apoptosis (46) ; the relevance of this concept in these resistant cells remains to be elucidated.
As reported by other studies, the accumulation of cells in G2/M phase observed in the present study is also accompanied by a corresponding upregulation of the survivin gene, a member of the inhibitor of apoptosis family, known to inhibit apoptosis and thereby induce resistance in several types of cancer (47, 48) . The overexpression of this gene in each of the resistant cell lines suggested its role in the induction of drug resistance in the HNSCC cell lines investigated. The ABC transporters, MDR1 and MRP2, were the other class of genes upregulated in the resistant cell lines generated in the present study. In vitro assessment indicated their role in resistance to cisplatin and other cytotoxic drugs (29, 30) . Previous studies correlating their expression levels to patient outcome suggested the downregulation of these markers to be predictive of disease-free and overall survival (49, 50) .
ERCC1 and CTR1 are molecules associated with cisplatin resistance in several solid types of tumor (51, 52 ). An increase in the expression of the CTR1 gene, the copper influx transporter, increases the intake of cisplatin in the cells (53, 54) , thereby increasing sensitivity. However, a study using ovarian cancer cells demonstrated that an increase in CTR1 was not accompanied by an increase in susceptibility to the drug, possibly due to a lack of access to its targets (54) . The present study demonstrated the overexpression of ERCC1 and a marginal upregulation of CTR1 in the TPFR cells, suggesting that they have a role in the resistance of the cells to TPF. Previous studies on HNSCC have also revealed an increased expression of CTR1 in resistant patients, indicating that this may be an effect of exposure to the drug treatment. Induction of TS is one of the mechanisms underlying 5-FU resistance (55, 56) and an increased expression of this gene was also observed in the resistant cell lines established in the present study. In the present study, expression profiling of these multi-drug resistance genes indicated a synergistic action in the TPF-resistant cell lines, whereby all these markers were upregulated. Multimodal chemotherapy has been conceived with the concept of combining chemotherapeutic drugs to increase the cytotoxic effect on the cells. With the increase in the understanding of individual drug action, effects on the cell cycle and the processes of acquired drug resistance, it is clear that there is a requirement for refining the concept to determine improved results. An in vitro study on the effects of cisplatin, docetaxel and 5-FU provided evidence towards the inverse association observed between resistance to cisplatin and docetaxel in cell lines (57) . It was also suggested that platinum-and taxol-resistant cell lines exhibited cross resistance with the molecular background being of prime importance. The overexpression A B C of the MRP2 gene is known to mediate docetaxel resistance in cisplatin-resistant cell lines (7) . The consistent upregulation of MDR1/MRP2 in the cell lines suggested their role in multidrug resistance to the majority of chemotherapeutic drugs. Sequential administration of the drugs, which complements the cellular and molecular effects of various drugs is now being considered an option. An in vitro study indicated that docetaxel treatment is known to downregulate the expression levels of TS and DPD, which in turn render the cells sensitive to 5-FU (58) . The sequential treatment of cells with docetaxel, followed by 5-FU, therefore increased the cytotoxicity compared with that of the individual or combined treatments. Further investigations into the molecular and cell cycle effects of these drugs may enable an improved insight into the optimal methods of performing combination chemotherapy. The present study described the establishment of triple drug-resistant cell lines and also provided valuable insight into the mechanism of resistance in a multidrug-resistant phenotype. Further evaluations of these resistant sublines may provide valuable inputs into the cellular and molecular methods adopted for acquiring drug resistance. The global differences in the gene expression profiles of these cells and the possible role of stem cells in the process of acquiring drug resistance is another area of interest currently under investigation.
